Background: Inflammation contributes to the development and progression of atherosclerosis, and C-reactive protein (CRP) can be used as a marker to assess risk for cardiovascular diseases. As variability among existing high-sensitivity CRP (hsCRP) assays can lead to misclassification of patients and hamper implementation of population-based medical decision points, standardization of hsCRP assays is needed. Methods: We evaluated five proposed secondary reference materials, including two diluted preparations of Certified Reference Material 470 (CRM470), two preparations of a serum-based material with recombinant CRP added, and one serum-based material with isolated CRP added. Twenty-one manufacturers participated in the comparison with 28 different assays. We examined imprecision, linearity, and parallelism with these materials and with fresh serum. Results: All materials had similar imprecision; CVs for the undiluted materials were 2.1-3.7%. None of the materials was linear across all assays. Each had between one and three cases of nonlinearity, with one preparation of CRM470 having the fewest cases of nonlinearity. Although none of the materials was parallel across all assays, the differences in slope from fresh serum were similar across all assays. Conclusions: All materials performed similarly with regard to imprecision, linearity, and parallelism. As one preparation of CRM470 had slightly better characteris-
Because measurements of C-reactive protein (CRP) 4 have traditionally been used to diagnose and monitor acute inflammation, CRP assays have had high detection limits of 3-5 mg/L in the acute-phase-reactant range (1 ) . More recently, chronic inflammation has been identified as a component in the development and progression of atherosclerosis, and CRP has been found to be a marker of cardiovascular risk (2) (3) (4) (5) (6) and associated with platelet activation in acute thrombosis (7, 8 ) . The concentrations of CRP measured to assess chronic inflammation in atherosclerosis are significantly lower than in acute inflammation. Therefore, high-sensitivity CRP (hsCRP) assays were developed with detection limits of ϳ0.1 mg/L and the ability to measure CRP in a range below the detection limit of conventional assays (9, 10 ) . Rifai and Ridker (11 ) have proposed that medical decision points established by prospective epidemiologic studies be used to interpret individual patient CRP results in risk assessment for cardiovascular disease. This is similar to the approach used by the National Cholesterol Education Program for blood lipids (12 ) and requires that assays be standardized so that they provide comparable results.
Standardization of any measurand requires a reference measurement system, including a primary reference measurement procedure, primary reference materials, and secondary reference materials (13 ) . (16 -20 ) . Two studies found that the CRP concentrations demarcating quartiles of a healthy population were method-dependent (16, 17 ) . The variability among the assays can lead to misclassification of patients and hampers implementation of population-based medical decision points. The authors of the studies concluded that standardization efforts are needed to improve the clinical utility of hsCRP assays.
As part of the CDC's effort to standardize hsCRP assays, we evaluated proposed secondary reference materials (PRMs) to select a material that can be used to standardize hsCRP assays. This evaluation included CRM470 because it is the accepted secondary reference material for CRP in the acute-phase-reactant range and because it is the material used by most manufacturers to calibrate their assays. In addition, both frozen and lyophilized materials from other manufacturers were evaluated. We used the IFCC standardization projects for lipoprotein(a) (21 ) and myoglobin (22 ) as models in protocol development.
Materials and Methods participants
Twenty-one manufacturers participated using 28 different assays; 7 of them submitted results for two different assays. Seven participants used immunoturbidimetric assays (ITAs), six used latex immunoturbidimetric assays (LITAs), five used particle-enhanced immunoturbidimetric assays (PEITAs), four used latex-enhanced immunoturbidimetric assays (LEITAs), two used chemiluminescent assays, two used particle-enhanced immunonephelometric assays, one used an ELISA, and one used a lateral-flow immunoassay.
proposed reference materials and controls Five proposed secondary reference materials (PRM1 to PRM5, described below) were used: two (PRM1 and PRM2) were prepared by Oriental Yeast Co., Ltd (Shiga, Japan) and contained recombinant CRP (rCRP); one (PRM3) was prepared by Scipac (Sittingbourne, Kent, United Kingdom) and contained isolated CRP (iCRP); and two (PRM4 and PRM5) were dilutions of CRM470. PRM1 was frozen; PRM2, PRM3, and CRM470 were lyophilized. The participants purchased CRM470 from the Institute for Reference Materials and Methods (Geel, Belgium) and were provided three PRMs (PRM1 to PRM3) and a frozen (FC) and lyophilized control (LC). FC and LC were prepared by Oriental Yeast Co., Ltd. Detailed descriptions of the preparation of PRM1 to PRM3, FC, and LC are available in the Data Supplement that accompanies the online version of this article (http://www.clinchem. org/content/vol49/issue4/).
For each assay in the evaluation, participants received two vials each of PRM1, PRM2, PRM3, FC, and LC, shipped together on dry ice, from the CDC. Participants were instructed to store the materials at Ϫ20°C until they were ready to perform the evaluation.
Each participant prepared a fresh in-house serum pool (IHSP), consisting of three to nine different fresh serum samples. Participants were instructed to prepare the pool with a final CRP concentration of ϳ4 mg/L. The IHSP was stored at 4°C up to 1 week from collection of the individual serum samples.
laboratory measurements
Participants were instructed to use the same lots of reagents and calibrators for the entire evaluation, which was conducted in two separate analytical runs performed on 2 days. The samples were prepared in exactly the same way for both runs. For each run, one vial each of FC and PRM1 was thawed and one vial each of PRM2, PRM3, and LC was reconstituted with 1.0 mL of deionized water. CRM470 was reconstituted according to the Institute for Reference Materials and Methods procedure and diluted 1:10 with assay diluent from the reagent set to produce PRM4 or 8.5 g/L NaCl to produce PRM5.
PRM1 to PRM5 and the serum controls (IHSP, FC, and LC) contained ϳ4 mg/L CRP. A series of dilutions were prepared and used to assess imprecision, linearity, and parallelism. The diluent from the assay reagent set was used to prepare all dilutions except those for PRM5, which were prepared with 8.5 g/L NaCl. The following dilutions were prepared in duplicate for each material and preparation, expressed as the percentage dilution: 0%, 20%, 40%, 60%, 80%, 90%, and 95% (approximate concentrations of 4.0, 3.2, 2.4, 1.6, 0.8, 0.4, and 0.2 mg/L, respectively). Participants were instructed that they must perform the reconstitution and dilution steps with pipettes calibrated according to International Organization for Standardization Technical Report (ISO/TR) 20461 (23 ) . Participants were requested to provide documentation that their pipettes had been calibrated to within 0.5% accuracy.
The participants were instructed to calibrate the assay according to the manufacturer's established procedure, using the manufacturer's recommended calibrators. A new calibration curve was constructed for each analytical run. Runs were to be completed the same day that the dilutions were prepared, and a specific run order was prescribed. Each dilution series was analyzed in duplicate, producing four data points per dilution and analytical run.
data analysis
We used SAS software (SAS Institute Inc.) to process the data and perform the statistical analyses. We computed the mean, minimum, and maximum values for the undiluted samples (except for the IHSP, which was not common among the participants) for all assay systems. We evaluated each assay on the basis of its performance when measuring the IHSP. To perform further evaluations, we selected assays that demonstrated acceptable within-day imprecision, as described below.
Computation of average imprecision across dilutions and use of conventional linear regression algorithms assume that variance is constant across the concentration range. We found that variance was not constant for all assays and materials across the concentration range; we therefore used a weighted linear regression in all further calculations, where separate weights were determined for each assay/material/dilution by taking the reciprocal of the total variance associated with a single measurement at the given dilution. Imprecision, as indicated by CV, was evaluated for each dilution separately. Weights for the regression were assigned differently for each assay and material and were based on the within-run variation at each dilution.
To assess within-day imprecision, we computed the average within-day variation at each dilution of the IHSP for each assay. From these averages we estimated the 95th and 99th percentile range limits of replicate within-day results for each dilution. For each assay, the range of values at each dilution was compared with these limits. Any assay with two ranges exceeding the 95% range limit or with one range exceeding the 99% limit for a single dilution was flagged. Assays with three or more range flags were considered to have insufficient precision and were excluded from the study.
We performed a nonparametric Wilcoxon test to determine whether the distribution of total CVs (including within-and among-day variation) differed among materials at each dilution.
To evaluate the linearity with regard to clinical relevance for each of the proposed materials across assays, we used the approach of Kroll and Emancipator (24 ) . In this approach, both the best-fit polynomial equation and the best linear fit are determined. We used a maximum allowable CV of 10%, which means that two results could differ by 28% [(1.96)( ͌ 2)(0.10)(100%)] and not be distinguished as different from one another at a 0.05 level of significance. Weighted analysis was used for both the polynomial and linear fits. We evaluated the difference between the polynomial and linear fits at seven concentrations (0.2, 0.4, 0.8, 1.6, 2.4, 3.2, and 4.0 mg/L) and determined the number of times the difference was Ͼ28%. If an assay was nonlinear at the highest or lowest concentration of the IHSP, we reevaluated linearity at a narrower concentration range. If a particular assay was nonlinear at concentrations other than the lowest or highest concentrations, then that assay was eliminated from further evaluation. If an assay was linear over a narrower concentration range with the IHSP, only the narrower concentration range was considered for the proposed materials.
We used the results of the weighted linear regression to evaluate parallelism with the IHSP. Slopes for each of the materials were compared with the slope obtained for the IHSP. The deviations of the slopes for the various materials from the IHSP slope were tested for statistical significance using F-tests to evaluate the ratio of the mean square associated with the deviation to the mean square for error. Materials with P values Ͻ0.0022 (derived by dividing a 0.05 significance level by the number of significance tests performed) were considered nonparallel compared with the IHSP.
Results

concentration of undiluted samples
The mean, minimum, and maximum concentrations for the undiluted samples are shown in Table 1 . The assigned CRP concentration of CRM470 was 39.2 mg/L. For the 1:10 dilutions of CRM470 (PRM4 and PRM5), the mean values were near the expected values. The range of minimum to maximum values was large for all of the materials. Minimum values were 45-53% lower than the mean; maximum values were 31-42% higher than the mean.
imprecision
Three assays (one chemiluminescent assay, one PEITA, and the ELISA) had within-day variation exceeding the 95% and 99% range limits for three or more dilutions and did not meet our imprecision criteria. They were therefore excluded from the study.
The imprecision for each of the proposed materials at Table 2 . Except for the 95% dilution for all materials and the 90% dilution for PRM1, all CVs were Ͻ10%. All CVs at the lower dilutions (60% and lower, corresponding to CRP concentrations of ϳ1.6 mg/L or higher) were Ͻ5%. Plots of the mean total CV and the 5th and 95th percentiles for each material appear in the Data Supplement that accompanies the online version of this article (http:// www.clinchem.org/content/vol49/issue4/). The nonparametric Wilcoxon test showed that the CVs for any material at any dilution were not significantly different from those for the IHSP (P ϭ 0.2119 -0.8078).
linearity
We included 24 assays in the evaluation of linearity; one assay (an ITA) was eliminated because it did not have results for the three highest concentrations for all materials. Sixteen assays were linear with the IHSP in the range 0.2-4.0 mg/L. Seven (three ITAs, one LITA, one PEITA, one LEITA, and one particle-enhanced immunonephelometric assay) were nonlinear at the lowest concentration (0.2 mg/L), whereas one (an ITA) was nonlinear at the highest concentration (4.0 mg/L). Details regarding linearity ranges for the IHSP and a comparison of the linearity evaluation for all materials and methods appear in Table 1 of the Data Supplement (http://www. clinchem.org/content/vol49/issue4/). Most assays showed linearity across all materials. Those assays that were nonlinear for PRM1 and PRM2 were also nonlinear for the FC and/or the LC. None of the materials showed linearity across all assays. PRM4 was nonlinear in one assay; PRM1, PRM2, and PRM5 were nonlinear in two assays; and PRM3 was nonlinear in three assays. No difference was found between PRM1 and PRM2 or between FC and LC, indicating that lyophilization does not affect linearity. Nonlinearity could not be linked to the source of CRP (rCRP or iCRP).
parallelism
The same 24 assays were included in the evaluation of parallelism. The mean absolute values of the percentage difference between the slope of the proposed materials and the IHSP were 1.5% for PRM1, 2.3% for PRM2, 1.9% for PRM3, 2.7% for PRM4, and 2.1% for PRM5. Details regarding the slope comparison appear in Table 2 of the Data Supplement (http://www.clinchem.org/content/ vol49/issue4/). None of the materials was parallel across all assays. Most of the cases of nonparallelism were with the ITAs. PRM2 and PRM3 were not parallel in two assays, PRM4 was not parallel in three assays, and PRM1 and PRM5 were not parallel in four assays. The LITAs, PEITAs, and lateral-flow immunoassay were parallel across all proposed materials. The percentage differences from the IHSP slope are shown in Fig. 1 . With three exceptions, all assays had differences Ͻ10% from the IHSP slope. The nonparallelism observed could not be linked to either the source of CRP or to lyophilization.
Discussion concentration of undiluted samples
The values observed for the undiluted samples covered a wide range and, for those samples with concentrations of ϳ4 mg/L, spanned the tertiles (or quintiles) proposed as medical decision points (11, 25 ) . Compared with the high variability across assays, the variability within assays at this concentration was very low. Thus the high variability observed across assays appears to be caused by the different calibration protocols rather than overall high intraassay variability, confirming the need for standardization. Because all participants in this evaluation claim to calibrate their assays using CRM470, the lack of a common value-transfer protocol may be one explanation for the observed variability. One such protocol has been proposed, using CRM470 as an example (26 ) .
imprecision
To be viable, a PRM should have performance comparable to or better than the IHSP. We observed no significant differences in the CVs between the IHSP and any of the proposed materials; we can therefore assume that the distributions (across laboratories) of the within-laboratory variations (among-day ϩ within-day) are comparable across materials at each dilution, i.e., no material had significantly better imprecision than any other. A CV of 10% at 0.2 mg/L has been used in other studies as a maximum tolerable assay performance criterion for evaluating hsCRP assays (16, 17 ) . For the 95% dilutions, which had concentrations of ϳ0.2 mg/L, only PRM1 had a mean CV Յ10% ( Table 2 ). The IHSP had a CV of 10.4% at the 95% dilution. The proposed materials with CVs similar to that for the IHSP at this concentration were PRM1, PRM2, and PRM4.
linearity
The results showed that use of rCRP (in PRM1 and PRM2) or iCRP (in PRM3) as well as lyophilization (PRM2 vs PRM1 and LC vs FC) does not affect linearity. Linearity does seem to be affected by the type of base material used, as indicated by the observation that those assays that lacked linearity with PRM1 and PRM2 also lacked linearity with either FC or LC. Linearity and nonlinearity were observed for all types of assays; thus, specific assay technologies (e.g., ITA and LITA) were not associated with lack of linearity. The base materials used for PRM1, PRM2, and PRM3 are quite similar, whereas CRM470 underwent a more extensive modification. Currently, no performance criteria have been established for hsCRP assays, but a panel convened by CDC and the American Heart Association is in the process of establishing laboratory performance guidelines. For the purpose of this study, we used an assay CV of 10% as a linearity evaluation criterion, but this should not be construed as a recommendation for maximum assay imprecision. We performed the linearity evaluation using a CV of 5% and came to the same conclusions regarding the proposed materials (data not shown). Thus, in this study, assay imprecision did not impact the outcome of the linearity evaluation.
parallelism
On the basis of the number of assays with slopes significantly different from that for IHSP, the materials behaving most similarly to the IHSP in the parallelism evaluation were PRM2 and PRM3, with PRM4 following closely. However, the mean absolute values of the differences in slope from the IHSP for the 24 assays were on the same order of magnitude, and the distributions of the differences were similar (Fig. 1) . Interestingly, PRM4, although highly diluted, still showed most of the same characteristics as the IHSP for linearity and parallelism, probably because the manufacturers used this material and diluent to optimize and develop their assays.
Although assays may show linearity for certain materials, the slopes (instrument response to CRP concentration) may be different for each material. A good secondary reference material should provide the same slope as a fresh specimen and consequently should provide a calibration curve that is parallel to that obtained from fresh specimens. We considered that matrix effects or differences in the source of CRP might cause the materials to not be parallel to the IHSP. In this study, nonparallelism could not be associated with either differences in the source of CRP (iCRP or rCRP) or with matrix changes attributable to lyophilization. It appears that most of the nonparallelism occurred with the ITAs, but the fact that two ITAs remained parallel with all of the materials shows that nonparallelism is not an ITA technologyspecific problem.
All of the PRMs investigated were prepared by methods that dramatically alter the matrix: all were prepared from serum or plasma that was, at a minimum, pooled, delipidated, and filtered. In addition, the matrix control materials (FC and LC) for this study were similarly prepared. Although each IHSP simulated a fresh sample from a patient, it was prepared uniquely by each participant and was not common among the participants. A thorough evaluation of matrix effects and commutability is thus not possible with the data obtained in this study. Commutability will be evaluated in a subsequent study.
The current approach available to manufacturers is to use diluted CRM470 to calibrate their assays. During preparation, CRP was added at the acute-phase-reactant concentration range and was value-assigned through an elaborate protocol involving three different manufacturers' assays that were calibrated using WHO IS 85/506. CRM470 has characteristics that make it a well-documented, high-quality material, including being human serum-based, optically clear, stable, free of known infective agents, and available in sufficient quantity. This study has shown that it has behavior similar to fresh serum samples when diluted to the range of hsCRP assays.
In conclusion, all of the proposed materials evaluated in this study performed relatively well, but PRM4 performed slightly better overall than the other materials. For this reason and the fact that it has been certified as a reference material, CRM470 will be used in the next phase to harmonize hsCRP assays. On the basis of this study, materials prepared using rCRP or iCRP can be used as working calibrators, quality-control materials, or proficiency testing materials. Newer generations of CRP assays are being developed that have reportable ranges that span the high-sensitivity and acute-phase-reactant ranges; therefore, use of a common reference material for all CRP assays is preferable. All participants in this study claim to use CRM470 to calibrate their assays, but different methClinical Chemistry 49, No. 4, 2003 
